Dysregulation of localized iron homeostasis is implicated in several degenerative diseases, including Parkinson's, Alzheimer's, and age-related macular degeneration, wherein iron-mediated oxidative stress is hypothesized to contribute to cell death. Inhibiting toxic iron without altering normal metaldependent processes presents significant challenges for standard small molecule chelating agents. We previously introduced BSIH (isonicotinic acid [2-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-benzylidene]-hydrazide) prochelators that are converted by hydrogen peroxide into SIH (salicylaldehyde isonicotinoyl hydrazone) chelating agents that inhibit iron-catalyzed hydroxyl radical generation. Here, we show that BSIH protects a cultured cell model for retinal pigment epithelium against cell death induced by hydrogen peroxide. BSIH is more stable than SIH in cell culture medium and is more protective during long-term experiments. Repetitive exposure of cells to BSIH is nontoxic, whereas SIH and desferrioxamine induce cell death after repeated exposure. Combined, our results indicate that cell protection by BSIH involves iron sequestration that occurs only when the cells are stressed by hydrogen peroxide. These findings suggest that prochelators discriminate toxic iron from healthy iron and are promising candidates for neuro-and retinal protection.
Introduction
Iron is the most plentiful transition metal in the human body and is a required cofactor for essential life processes such as oxygen transport, DNA synthesis, and cellular respiration [1] . Because of its notorious role in the Fenton reaction, in which ferrous iron reacts with H 2 O 2 to produce highly reactive hydroxyl radicals, nearly all of the total iron in healthy individuals is bound by proteins that utilize, transport, or store iron. The importance of maintaining iron homeostasis is highlighted by the fact that imbalance in either direction causes disease: deficiency leads to anemia, and overload leads to tissue damage and organ failure as a result of iron-promoted oxidative stress. A complex communication network therefore exists among different cell and tissue types to regulate systemic iron balance in order to meet metabolic needs without accumulating pools of toxic iron [2] . The designation of iron as toxic or detrimental is used here to describe iron in any form that participates in undesirable reactions that promote oxidative stress. It is defined therefore by its reactivity, not by an identifiable set of coordinating ligands or by a specific oxidation state. Such reactivity implies that toxic iron is also redoxactive iron that shuttles between Fe(II) and Fe(III) oxidation states, has open coordination sites that enable reactivity, and is likely to be labile, as opposed to tightly bound by transport or storage proteins.
Hereditary diseases of iron overload are caused by mutations in genes of both iron regulation and usage [3, 4] . Examples include hemochromatosis, where defects in genes associated with intestinal iron absorption lead to liver cirrhosis and heart failure; aceruloplasminemia, where defects in the ferroxidase protein ceruloplasmin result in iron deposition in the brain, retina, and pancreas; and thalassemia, where faulty hemoglobin production requires chronic blood transfusions that instigate secondary iron overload.
In addition to diseases of systemic iron overload, evidence is also pointing to localized iron dysregulation as a factor in many aging-related degenerative diseases like Parkinson's, Alzheimer's, and age-related macular degeneration (AMD) [5] [6] [7] [8] . These diseases have characteristic signs of oxidative stress, diminished antioxidant defenses, and higher than normal localized iron loads. For example, elevated iron accumulation has been documented in brain regions affected by Parkinson's and Alzheimer's diseases [9] [10] [11] [12] [13] . In AMD, increased amounts of lipid peroxidation products and decreased levels of antioxidant enzymes are found [14, 15] . Concurrently, the iron level in AMD-affected maculas is higher than in healthy maculas [16] . In support of the deleterious effect of such retinal iron accumulation, patients with aceruloplasminemia have retinal iron overload that results in a maculopathy with features of AMD [17] .
Strategies to reduce iron levels in systemic iron overload diseases include serial phlebotomy, dietary iron restriction, and in some cases iron chelation therapy. Desferrioxamine B (DFO) has been used clinically since the 1970s to treat transfusion-induced iron overload. DFO is a hydrophilic, hexadentate chelator that is administered in large doses via subcutaneous transfusion. Recently, deferiprone (L1) and deferasirox (Exjade) have been introduced as chelating agents with improved pharmacological properties [18] . The targets of these drugs are non-transferrin bound iron in the plasma, followed by intracellular iron stores in the liver, heart and endocrine tissues.
Reducing the intracellular iron load by using small molecule chelators holds potential for reducing oxidative stress in AMD and other degenerative conditions. However, there are significant challenges associated with selectively sequestering detrimental iron in the brain or retina. Crossing the blood-brain or blood-retinal borders will be necessary in these cases, whereas avoiding chelator access to the brain is critical for transfusional iron overload. Furthermore, the risk of chelator competition with iron-requiring enzymes or other metal ions is more significant than in cases of systemic iron overload where the target iron is plentiful and more readily available for sequestration. For diseases associated with localized iron stress, an optimal chelator needs to be cell membrane permeable, sequester only that fraction of iron that is causing damage, avoid inhibiting metalloenzymes, and prevent redistribution of iron or other metals within or between cells.
Currently available chelating agents have significant drawbacks with respect to these challenges. DFO is a poor candidate as it does not readily cross biological membranes. While increasing lipophilicity may improve chelator uptake, it does not prevent unwanted inhibition of essential metalloenzymes. Deferiprone, for example, is taken up in the brain but inhibits catechol-O-methyltransferase as well as tyrosine and tryptophan hydroxylases by binding to iron at the enzyme active site [19] . A finding that emphasizes the importance of avoiding indiscriminant iron binding is that DFO treatment of patients with thalassemia and sickle-cell disease has been associated with retinal toxicity hypothesized to result from iron deficiency in the retinal pigment epithelium [20] . Interactions of chelators with other metal ions, particularly zinc and copper, is also a concern. If a chelator encounters these cations prior to iron complexation, even a thermodynamic preference for trivalent over divalent metal ions will not avoid disruption of healthy metal homeostasis. Deferasirox, for example, readily forms insoluble polymers with Zn(II) and Cu(II) that could lead to precipitation of these complexes in vivo [18] .
In order to overcome these challenges, we recently introduced prochelators as a novel approach to decrease oxidative damage by activating a chelating agent only under conditions of oxidative stress [21, 22] . The prochelators do not bind metal ions until a protective mask is removed by H 2 O 2 to reveal an effective chelating agent that sequesters iron that is the source of hydroxyl radical generation (Fig. 1a) . Unlike typical chelators that interfere with healthy metal ion status or inhibit metalloenzymes by indiscriminant binding, these prochelators are designed to activate only where they are needed. Our first-generation prochelator, BSIH (isonicotinic acid [2-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-benzylidene]-hydrazide) [21] (see structure in Fig. 1 ), contains a boronic ester in place of a phenolic oxygen that is a key donor atom of SIH (salicylaldehyde isonicotinoyl hydrazone). SIH is a well-studied, membrane permeable chelating agent that scavenges and incapacitates redox-active iron in cell culture [23] [24] [25] [26] . Herein we report the first cell culture data that validate the prochelator strategy for discriminating toxic versus healthy iron and protecting cells from oxidative stress.
Experimental

General
Chemicals were obtained from Fisher Scientific or Acros Organics unless otherwise noted and used without further purification; (4,4,5,5-tetramethyl-1,2,3-dioxaborolan-2-yl)benzaldehyde was purchased from Oakwood Products. All solvents were reagent grade and all aqueous solutions were prepared with nanopure water. UV-visible spectra were recorded on a Photonics Model 420 Fiber Optic CCD Array spectrophotometer. 1 H and 13 C NMR spectra were recorded on a Varian Mercury 300 or Inova 400 spectrometer; δ values are in ppm and J values are in Hz. IR Spectra were recorded on a Nicolet 360 FT-IR. High-resolution mass spectra (HRMS) were recorded on a Jeol JMS-SX102 mass spectrometer.
Synthesis
SIH, BSIH, BASIH and BIH (benzaldehyde isonicotinoyl hydrazone; denoted hereafter as C1) were prepared as described previously [21, 22] . C2 ([4-(4,4,5,5-tetramethyl-[1,3,2] dioxaborolan-2-yl)-benzylidene]-hydrazide) was synthesized in a similar manner by reacting 0.5 mmol of 4-(4,4,5,5-tetramethyl-1,2,3-dioxaborolan-2-yl)benzaldehyde with 0.5 mmol of isonicotinic acid hydrazide in 4 mL of MeOH. After stirring for 5 min at 100 °C, the reaction mixture was cooled over ice and the white precipitate was collected via vacuum filtration, washed with water, and dried in vacuo to yield a clean white powder (136 mg, 76%). 1 
UV-Vis
50 µM solutions of BSIH or SIH were prepared in 20 mM NaHPO 4 buffer (pH 7.4) or MEM cell culture medium. UV-vis spectra were recorded after the solutions were incubated at 37 °C for 10 min, 2 h, 7 h and 24 h. To determine the half-life of SIH, the absorbance at 325 nm was recorded every 30 minutes for 8 h for a solution of 100 µM SIH in MEM at pH 7.4 incubated at 37 °C.
Cell Culture
All cell culture agents, including minimal essential medium (MEM), Dulbecco's modified eagle medium (DMEM), F12 Ham's nutrient mix (F12), fetal bovine serum (FBS), pencillinstreptomycin (pen-strep), L-glutamine, and trypsin-EDTA were purchased from Gibco. LDH Release Assay Kit was obtained from Roche Diagnostics and CellTiter-Blue Cell Viability Assay from Promega. Cell viability assays were performed on a Perkin Elmer Victor 3 1420 plate reader.
The spontaneously immortalized human retinal pigment epithelial cell line ARPE-19 was purchased from American Type Culture Collection. These cells, commonly used to study the RPE, retain some features of in vivo RPE cells, although non-necessarily polarization in our short-term cultures [27] . The cells were grown in 1:1 DMEM and F12 medium with FBS (10%), pen-strep (1%), and glutamine (1%). Cells were cultured until confluent in 24-well Falcon plates. Fresh DMEM/F12 medium was added one day prior to treatment. An initial kill curve experiment was performed in which cells were treated with 0 -5 mM H 2 O 2 in MEM. Cell death increased with increasing peroxide concentration; 500 µM H 2 O 2 was the minimal dose causing significant cell death. Chelator/prochelator solutions at or below 200 µM were freshly prepared by dissolving the compounds directly in MEM; for higher concentrations, stock solutions were prepared in 50 mM NaOH and stored at −20 °C. Just prior to use, frozen stocks were thawed and diluted in MEM to the desired working concentration, then adjusted to pH 7.6 with HCl and filter sterilized. UV-vis and NMR analyses were performed to verify that all chelators/prochelators were unchanged following this solution preparation.
Assays for cell viability-
To evaluate the ability of prochelators/chelators to protect ARPE-19 cells from H 2 O 2 toxicity, confluent cells were washed three times with MEM prior to treatment with prochelator or chelator solutions ranging in concentration from 0 -200 µM. After a specified pretreatment period (30 min or 8 h), the cells were washed with fresh MEM to remove residual prochelator/chelator solution and MEM with 500 µM H 2 O 2 was added. After 15 hours, cell viability was assayed by one of two methods, the CellTiter-Blue assay or the lactate dehydrogenase (LDH) release assay. Both assays, run on separate days, returned similar results. Results are reported as the mean and standard deviation from experiments done at least in triplicate; an MEM-only control was run in triplicate on each 24-well plate. Statistical significance was calculated using the Student's t-test. Cell culture experiments were repeated by using MEM that had been treated with Chelex 100 to remove residual metal ions. No considerable differences were observed for experiments done with Chelex-treated vs nontreated medium.
CellTiter-Blue is a fluorometric method based on the ability of live cells to reduce nonfluorescent resazurin into highly fluorescent resorufin. The CellTiter-Blue reagent (200 µL) was added directly into each well and the plates were incubated for 4 hours at 37 °C with 5 % CO 2 prior to recording the fluorescence (560 Ex /590 Em ) using a plate reader. Percent protection was calculated as shown in Eq. 1, where Em treatment , Em H2O2 , and Em MEM are the emission signals for a treated sample, the H 2 O 2 -only control that gives maximal cell death for 500 µM H 2 O 2 , and the MEM-only control, which indicates maximum viability, respectively:
Potential interactions between the chelators/prochelators and the CellTiter-Blue reagent that might interfere with the assay were found to be negligible. The maximal fluorescence obtained from control experiments in which resazurin was incubated with the chelators/prochelators in the absence or presence of 500 µM H 2 O 2 at 37 °C for 4 hours was less than 4% of the MEMonly control in the cell viability experiments, which is within the experimental error of the measurement.
The LDH Release Kit is a colorimetric assay for the quantification of cell death based on the measurement of lactate dehydrogenase activity released from the cytosol of dead cells into the medium. In brief, the medium from each well was removed, fractionated by centrifugation (240 × g for 10 min), and 25 µL of the supernatant solution were placed in a 96-well plate. Phosphate buffered saline (PBS, 75 µL) was added to each well, followed by freshly prepared LDH reaction mixture (100 µL). After 30 minutes of incubation at room temperature in the dark, the absorbance of each solution at 490 nm was measured using a plate reader.
2.4.2.
Repetitive treatment-For the repetitive treatment experiment, confluent ARPE-19 cells were washed three times with MEM, and then treated with 100 µM SIH, 100 µM BSIH or 1 mM DFO (all prepared in MEM as described above); a control received MEM only with no treatment added. The larger dose of DFO was used since it does not enter cells by passive diffusion but rather relies on endocytosis for cellular access. Every 2 hours, the medium was replaced with freshly prepared chelator/prochelator solutions (or MEM only for the control), and viability was assessed using the CellTiter-Blue assay after 16 h (7 treatments) and 26 h (12 treatments). Viability for the treated samples was compared to viability of the untreated control at the same time point, which was normalized to 100%.
Results and Discussion
We chose to test the biological efficacy of BSIH in retinal pigment epithelial (RPE) cells because of their implication in AMD. RPE cells support the photoreceptors of the retina and are known to experience oxidative insult from several sources, including O 2 −• and H 2 O 2 produced during mitochondrial respiration, by peroxide produced during phagocytosis of photoreceptor outer segments, and by photo-oxidation [28] . Furthermore, SIH protects a human adult RPE cell line against cell death induced by exogenous hydrogen peroxide and other toxicants (N. Lukinova, T. Dentchev, and J.L. Dunaief, manuscript in preparation).
The compounds shown in Fig. 1 [21, 22] . Compounds C1 and C2 are both non-chelating controls. Cells were first incubated with increasing concentrations of these compounds for the specified time frame, then washed with fresh medium to remove residual test compound just prior to addition of H 2 O 2 . Cells were assayed after overnight incubation using two separate assays of cell viability ( Fig.  2 and Supplementary Material Fig. S1 ).
BSIH and SIH protect cells against H 2 O 2 -induced cell death
Preincubating the cells for 8 h with either SIH or BSIH provides protection against H 2 O 2 -induced cell death that increases with concentration (Fig. 2) . Significantly, a 200 µM dose of BSIH provides complete protection against cell death, whereas SIH provides only 70% protection under this protocol (Fig. 2) . Unlike BSIH, BASIH provides only modest protection, reaching only 30% viability. The difference in the protective effect of BSIH vs BASIH is not yet understood, although altered bioavailability may be a contributor. BASIH reacts with H 2 O 2 in vitro at the same rate as BSIH to convert to SIH; however, it is less lipophilic than either BSIH or SIH which may result in less cellular uptake and diminished biological efficacy [22] .
In order to show that the protective effect of BSIH is not due to the reactivity of its aryl boronic ester functional group with H 2 O 2 , the control compound C2 was tested. C2 also contains a boronic ester that reacts with H 2 O 2 , but in this case the phenol of the resulting compound is ill-positioned for iron chelation. C2 provides no protection against H 2 O 2 -induced cell death, providing strong evidence that the protective effect of BSIH is due to its iron binding capacity following activation.
Further support that iron chelation is the mechanism of cell protection is the absence of any protective effect for either C1, which lacks the iron-binding phenol of SIH, or for the preformed [Fe(SIH) 2 ] + complex, which actually slightly sensitizes cells to toxicity (Fig. 2) . In addition, cells that are over-loaded with iron by treatment with ferric ammonium citrate are more sensitive to H 2 O 2 (Supplementary Material Fig. S2 ), supporting the hypothesis that cell death induced by H 2 O 2 is linked to its reactivity with iron.
Conversion of BSIH to SIH
If the protective effect of BSIH is due to its conversion to SIH, then the rate of unmasking of BSIH by H 2 O 2 should be a critical factor in its efficacy. We previously reported a value of k = 0.05 M −1 s −1 for the rate expression in Eq. 2. This value was obtained from reactions carried out in a 50/50 mixture of methanol/phosphate buffer. These experiments have been repeated here in 100% phosphate buffer and in MEM cell culture medium (Supplementary Material Fig.  S3 ) and the same value was obtained, indicating that the methanol co-solvent does not influence the reaction rate. Given this value, the maximum rate of SIH production would be 0.3 µM/min for 200 and 500 µM doses of BSIH and H 2 O 2 , respectively. Within the first 30 min following H 2 O 2 exposure, no more than 9 µM of SIH would therefore be available for iron chelation. The concentration of labile iron is expected to be low enough that this amount should be adequate to suppress iron-mediated damage. The data in Fig. 2 , however, indicate that 9 µM SIH is not sufficient to provide significant protection, at least when administered in the preincubation protocol described above. As described below in section 3.4, an alternative protocol for administering SIH indicates that low µM concentrations of SIH are indeed effective for cellular protection.
Eq. 2
Improved stability of BSIH compared to SIH
One factor that may contribute to the modest protection (70% in Fig. 2 ) observed for SIH following an 8 h incubation time is the stability of SIH. The degradation of aroylhydrazones has been recognized for SIH and its derivatives, which are stable in aqueous buffer at neutral pH but hydrolyze into their hydrazine and aldehyde components in cell culture media, where amino acids promote hydrolysis [29, 30] . Hydrolysis rates vary depending on the derivative and the conditions, but the iron complexes remain stable. In order to test the stability of BSIH and SIH, we monitored their UV-vis spectra in 20 mM NaHPO 4 buffer at pH 7.4 and in minimal essential cell culture medium (MEM) at 37 °C over 24 h. Both compounds are stable in buffer (data not shown). Whereas BSIH is stable in MEM over 24 h (Fig. 3a) , SIH hydrolyzes with a half-life of 7 h (Fig. 3b and Supplementary Material Fig. S4 ). These results verify that SIH and BSIH remain intact during in vitro experiments done in aqueous buffer, but they emphasize that SIH partially decomposes in cell culture conditions.
Consistent with the diminished stability of SIH is the observation that SIH is more effective at protecting cells against H 2 O 2 when the incubation time is reduced from 8 h to 30 min, presumably because more intact chelator is available at the time of the oxidative insult (Supplementary Material Fig. S1 ). The difference in efficacy of SIH between these incubation times and the disconnect between the projected amount of SIH released from BSIH vs the amount of SIH needed for complete protection is not as straightforward as expected simply from its hydrolysis half-life, however. Additional factors that influence the efficacy of SIH for cell protection appear to be important, but remain to be identified.
Dosing strategy influences efficacy
In contrast to the SIH results shown in Fig. 2 (Table 1 and Supplementary Material Fig. S5 ). In comparison, a single pre-incubation dose of 10 µM SIH provides less than 10% protection (Fig. 2 ) while a single 5 µM dose added along with peroxide provides only 15% protection (Table 1 and Supplementary Fig. S5 ). Taken together, these data confirm that low µM concentrations of SIH are indeed sufficient to protect cells from H 2 O 2 -induced toxicity, but that appropriate dosing is necessary.
The observations that the timing and application protocol are critical for optimal protection by SIH suggest that suboptimal protection may be a consequence of processes that compromise its capacity to sequester iron that is released upon oxidative insult. Such processes likely include hydrolysis, non-specific metal loading, and perhaps others yet to be identified. The actual concentration of SIH that provides protection appears to be low µM, which is consistent with the projected amount of SIH that would be released from a 200 µM dose of BSIH, as described above and compared in Table 1 . These data therefore reinforce the conclusion that the mechanism of cell protection by BSIH is due to iron sequestration following its conversion to SIH.
Repetitive administration of chelators and prochelator
Initial toxicity studies of SIH and BSIH indicated that RPE cells are not adversely affected by either compound up to 2 mM doses, the solubility limit of BSIH, when viability is monitored 24 h after single-dose treatment (data not shown). The fact that SIH at such high concentrations is not toxic was surprising given the essential role of iron in numerous cellular processes.
Reasoning that SIH toxicity may not manifest itself after only a single dose, especially since a portion would degrade before establishing iron deficiency, we tested the toxicity of repetitive treatments of SIH, BSIH, and DFO. Fresh compound was added to cells every 2 h for 26 h. After seven treatments, the DFO-treated cells began to deteriorate, and after 12 treatments the viability of SIH and DFO-treated cells was decreased by nearly half (Fig. 4) , likely as a result of diminished iron availability. Significantly, cells treated with BSIH under this chronic protocol remained as viable as the untreated control cells (Fig. 4) , suggesting that the unactivated prochelator does not interfere with normal metal homeostasis.
Conclusions
The results presented above provide the first cellular validation of the prochelator strategy for inhibiting oxidative stress. Important questions about iron's role in neurodegeneration, for example whether it is a cause or consequence of disease, remain to be elucidated. Small molecules like the prochelators presented here that differentiate deleterious iron from healthy iron will be valuable reagents for probing the chemical biology of oxidative stress. Furthermore, the improved stability and activation by peroxide make prochelators better candidates than chelators for iron overload diseases that affect the brain and eye. This hypothesis will be tested in animal models of iron overload, including ceruloplasmin/ hephaestin knockout mice that have an age-dependent retinal degeneration following retinal iron overload [31] .
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. BSIH is stable in cell culture medium whereas SIH decomposes within hours. a) UV-vis spectra of BSIH dissolved in MEM and incubated at 37 °C change negligibly even after 24 h. b) The spectral changes of SIH that appear within 4 h of incubation under the same conditions are consistent with decomposition of SIH into its components salicylaldehyde and isonicotinoyl hydrazine. Both SIH and BSIH are stable in neutral aqueous buffer for 24 h (not shown). Assessment of chelator toxicity: Repeated treatments of ARPE-19 cells with iron chelators SIH and DFO induce cell death, while prochelator BSIH is non-toxic. Cells were treated every 2 h with 1 mM DFO or 100 µM SIH or BSIH and cell viability was compared to the untreated control ("ctrl", normalized to 100% viability) at the same timepoint. Relative to the untreated control, * p<0.05, *** p<0.001. Comparison of the effect that the application protocol has on the ability of SIH to keep cells viable when stressed with a toxic dose of hydrogen peroxide. A pre-incubation dose followed by a second dose added at the same time as H 2 O 2 is more effective than a single, higher-concentration dose of SIH. Details for each experiment are noted in the associated figure caption and in the Experimental section. b based on the hydrolysis rate for decomposition of SIH in cell culture.
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